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Abstract

Background: The objective of this study was to determine the short-term ef-
fect of urea fertiliser application on soil reactions in a Ferralsol, with particu-
lar thrust on P sorption. Methods: Two experiments were conducted for this
purpose: 1) a screenhouse pot experiment; and 2) a laboratory P sorption
component. The pot (10 litre capacity plastic pots) experiment was conducted
at the Makerere University Agricultural Research, Kabanyolo in Uganda, us-
ing a Ferralsol. The study comprised of four urea N (46% N) fertiliser treat-
ments, namely, 0, 40, 80 and 120 kg N-ha™', equivalent to 0, 200, 400 and 600
mg N per pot. A completely randomised design was adopted with three rep-
licates. Urea rates were applied in 50% split doses, one at planting and the
other at 19 days after seedling emergence (to simulate farmer practice). This
was followed by watering to field capacity using distilled water. Soil samples
were taken at three daily intervals until day fourteen; thereafter, soil sampling
was at an interval of seven days. The second urea split dose was applied at 21
days followed by soil sampling at an interval of three days till day fourteen.
Thereafter, soil was sampled at seven day intervals until the end of experi-
ment. Soil samples were analysed for exchangeable H*, AI**, NH; and NOj
ions. The reaction trends of the concentrations of these ions and Bray 1 P
were used to structure different response curves representing the instantane-
ous reactions. As for the laboratory P-sorption study, treatments included the
four rates of urea used in the pot experiment (0, 40, 80 and 120 kg N-ha™)
and seven levels of P (2.5, 5, 10, 20, 30, 40 and 50 ppm) as KH,PO,. The setup
was incubated under laboratory conditions and soil samples were repeatedly
taken at 10 days (after 4 days of urea incubation plus 6 days of P application).
The P sorption data were fitted to Langmuir model. Results: The pot experi-

ment revealed an abrupt drop in the concentrations of exchangeable AI** and
H" ions (p < 0.05) within the first 6 days after urea application, accompanied

by a positive surge in the concentration of NH, ions. This phase (6 days)
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was followed by a rise in the levels of exchangeable Al’*, H" and NO; ion
concentration, which was inversely mirrored by a drop in the concentration
of NHj ions. Consequently, the patterns displayed by the soil reactions were
delineated into four phases, with Phase 1 (6 days) being characterised by urea
hydrolysis reactions of deamination and ammonification, Phase 2 (10 days)
being dominated by nitrification and its acidifying properties, Phase 3 being a
repeat of Phase 1, both occurring immediately after urea application (within 6
days); and Phase 4 being a repeat of Phase 2. As for the P-sorption study, the
effects of urea hydrolysis in a Ferralsol markedly increased soil pH and sur-
prisingly P sorption. The contradictory P sorption behavior, despite the drop
in exchange acidity was attributed to presence of divalent calcium in the ex-
traction reagent used. Conclusion: The short term insights obtained in re-
sponse to urea N application in the Ferralsol, are eye openers to future use of
N fertilisers as well as strategic management of the associated acidification
process which is often more costly and complicated to manage.
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1. Introduction

There is a mixed bag of farming community views about the value of nitrogen fer-
tilisers in boosting crop production sub-Saharan Africa (SSA), despite the decision
by regional governments to use fertilisers to unlock food insecurity and poverty in
the region. The situation has further been confounded by organic movementists
who unlimitedly detest the use of inorganic fertilisers [1], for reasons largely re-
lated to environmental health. Most N fertilisers are blamed for causing devastat-
ing soil acidity, nitrate leaching losses and its attendant aluminium toxicity and P
sorption in the long run [2]. Unfortunately, there is hardly any knowledge about
the dynamics of the reactions that partake in the short-run soon after application
of N fertilisers, particularly in a typical tropical acid soil.

Ferralsols constitute approximately 60% of the arable soils in SSA [3]; moreo-
ver with pH ranging from 3.6 to 4.8, which is substantially acidic [4]. A signifi-
cant change in soil acidity caused by nitrification of N fertilisers may induce a
series of reactions in the soil, which may subsequently reduce the availability of
some nutrients, cause excessive solubilisation of some micronutrients (Mn, Cu,
Fe, etc.), and consequently, AI’* phytotoxicity. Eriksen and Kjeldby (1987) [5]
observed that up to 52% of urea is converted into nitrate within three days after
application to the soil; although there is paucity of information on soil type and
threshold soil acidity. Although it is clear that nitrification of a single ammo-
nium ion potentially results in four protons in the soil, and consequently deteri-
oration in soil acidity; the directions taken by reactions that partake shortly after

application of urea in a Ferralsol remain to be established. Some of the favoura-
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ble reactions may the basis for envisioning whether to invest in costly liming
programmes to mitigate the resulting acidification effect, or to preserve the
short-lived favourable micro-environment caused by some reactions, against the
propensity to the nitrification process. The objective of this study was, therefore,
to 1) determine the short term responsive reactions to urea fertiliser application
in a tropical acidic; and 2) characterise P during the short term phase after urea

fertiliser application.

2. Materials and Methods

This study comprised of two parts, namely a screenhouse experiment and a la-

boratory P sorption experiment.

2.1. Screenhouse Experiment

The screenhouse experiment was conducted using a Ferralsol collected from the
Makerere University Agricultural Research Institute, Kabanyolo (MUARIK) in
Uganda. Plastic pots of 10 litre capacity (22.57 cm of diameter and 25.00 cm of
height), were each filled with 5 kg of air dried soil. To permit air circulation
within the pots, each pot was perforated on all sides and at the bottom using a
hot nail.

Treatments comprised of four rates of urea (46%), namely 0, 200, 400 and 600
mg of urea per pot (equivalent to 0, 40, 80 and 120 kg N-ha™), applied in 50%
split doses, one at planting and the remainder two weeks thereafter. Prior to ap-
plication, urea granules per treatment were dissolved in approximately 40 ml of
distilled water, and then applied at a radius of about 5 cm around the central po-
sition of the pot. The treatments were arranged in a completely randomised de-
sign (CRD) and replicated three times. The study was repeated thrice.

During the study, soil sub-samples were taken from each pot initially at of
three day-intervals, till fourteen days. Thereafter, further soil sampling was done
at intervals of seven days till the end of experiment (... days). The process of
urea administration and subsoil sampling were repeated starting at 19 days after
application of the second split dose in the same pots. The sub-samples obtained
were air-dried for seven days, ground using a porcelain motor and pestle, before
being subjected to analysis for exchangeable H" and Al**, and mineral N (nitrate

and ammonium) species (Table 1).

2.2. Laboratory Study

As for the laboratory P-sorption study, treatments included the four rates of urea

Table 1. Baseline physico-chemical characteristics of soil used in the study.

Parameters pH Al NO, NH, Av.P K*' Ca®* Mg"* OC Soil textural name

Units pgg™! cmoleskg™ %
Values 418 240 4.13 887 0.18 044 830 440 1.80 Sandy clayloam
Critical values  5.50 15 0.33 4.00 0.25 3.00
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used in the pot experiment (0, 40, 80 and 120 kg N-ha™") and seven levels of P (2.5,
5, 10, 20, 30, 40 and 50 ppm) as KH,PO,. The setup was incubated under labora-
tory conditions and soil samples were repeatedly taken at 10 days (4 days after urea
application plus 6 days after P application). The P sorption data were fitted to
Langmuir model, which was used to obtain equilibrium P concentration (ug

P-ml™), adsorption maximum (ug P-g™' soil), and bonding energy constants.

2.3. Statistical Data Analysis

Data collected from both study parts were subjected to analysis of variance
(ANOVA) using R version 3.4.3; while significantly different treatment means

were separated using the Tukey’s Honestly Significant Difference.

3. Results
3.1. Exchangeable Hydrogen and Aluminium

There was a marked effect (p < 0.05) of rate of urea N on the [H'] ions during
incubation of the soil (Figure 1). Initially, with the exception of the control
where urea was not applied, all treatments realised a drastic depression (p <
0.05) in the [H*] for about 9 days, with the highest two urea rates (80 and 120 kg
N-ha™') causing the greatest effect. After about 9 days of incubation, the [H]
short up until the second urea split dose was applied at 19 days of incubation.
From that point onwards, there was again a slumped in [H'], mirroring that of
the initial 6 days. Based on the behavioral patterns of the [H'], the trends were
partitioned into four phases, hereafter codenamed Phase 1 (9 days), Phase 2 (10
days), Phase 3 (10 days) and Phase 4 (long term) (Figure 1).

The concentration of exchangeable Al** displayed a similar trend to [H'] in re-
sponse to urea application (Figure 2). Generally, the levels of exchangeable [Al**]
were higher for the control and 40 kg N-ha™ (238.67 = 0.20 and 239.65 *
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Figure 1. Changes in the concentration of [H'] in a Ferralsol induced by different rates of
urea application, during incubation. Co = no N applied, TU1 = 40 kg N-ha™!, TU2 = 80 kg
N-ha™', TU3 = 120 kg N-ha™". Phase 1 = Short phase 1, Phase 2 = Medium term phase,
Phase 3 = Short term phase 2, Phase 4 = Long term phase.
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0.36 pg-g”', respectively), than in the urea rates of 80 and 120 kg N-ha™' (229.13 +
0.87 and 228.79 + 0.97 pg-g™', respectively), for the initial duration of about 9
days. Thereafter, the concentration of AI** surged to the extent that the effect of
the highest urea rates exceeded that of urea at the rates of 0 and 40 kg N-ha™".

3.2. Ammonium and Nitrate Concentrations

The concentrations of ammonium ions in the Ferralsol after application of dif-
ferent rates of urea are presented in Figure 3. In contrast with both [H"] and
[Al’*], the concentration of NH tended to surge with application of urea,

lasting for the initial period of 9 days during incubation. Consequently, the
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Figure 2. Changes in exchangeable Aluminium induced by different urea concentrations
over time. Co = control, TU1 = 40 kg N ha™', TU2 = 80 kg N-ha™!, TU3 = 120 kg N-ha™".
Phase 1 = Short phase 1, Phase 2 = Medium term phase, Phase 3 = Short term phase 2,
Phase 4 = Long term phase.
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Figure 3. Changes in ammonium ion concentration over the study period under different
rates of urea application. Co = control, TU1 = 40 kg N-ha™!, TU2 = 80 kg N-ha™', TU3 =
120 kg N-ha™'. Phase 1 = Short phase 1, Phase 2 = Medium term phase, Phase 3 = Short
term phase 2, Phase 4 = Long term phase.
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highest concentration of [ NH} ] of 46.61 + 2.13 pg-g™' was obtained with the
highest rate of application (120 kg N-ha™'), and the lowest with the control (8.11
+0.11 ug-g™) (p < 0.05).

Figure 4 presents the concentration of nitrate ions in the Ferralsol, following
application of different rates of urea. Unlike the case of NH, , the concentration
of NO, ions was trace at the beginning of the study, but gradually built up in
the reverse direction with that of NH; (Figure 5), and was commensurate
with the rates applied. The pattern of response of nitrate ions closely followed
that of hydrogen (Figure 1) and exchangeable aluminium (Figure 2) ion con-

centration curves.

3.3. Phosphorus Sorption

Urea application generally had a strong and positive effect on P sorption (Figure 6),
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Figure 4. Changes in nitrate ion concentration over the study period under different rates
of urea application. Co = control, TU1 = 40 kg N-ha™, TU2 = 80 kg N-ha™', TU3 = 120 kg
N-ha™. Phase 1 = Short phase 1, Phase 2 = Medium term phase, Phase 3 = Short term
phase 2, Phase 4 = Long term phase.
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Figure 5. Changes in nitrate and ammonium ion concentration over the study period

under different rates of urea application. Phase 1 = Short phase 1, Phase 2 = Medium

term phase, Phase 3 = Short term phase 2, Phase 4 = Long term phase.
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in spite of the clear drop in [H'] and [Al’*] concentrations (Figure 1 and Figure
2). Phosphorus was consistently more plant available without than with urea ap-
plication. The sequence of adsorption isotherms followed the order of urea rates
of 0 (control) < 40 < 80 < 120 kg N-ha™'; although at the higher rates of urea, the
differences between 80 and 120 kg N-ha™ tended to disappear. Also, the differ-
ences between the effects of urea rates 0 (control), 40 and 80 kg N-ha™" tended to
remain constant, throughout the range of P applied to the centrifuge tubes
(Figure 6). It was noted that as the rate of urea increased, Langmuir adsorption
maximum capacity of the Ferralsol increased, and so did the phosphorus buf-
fering capacity (Table 2). There was a noticeable increase in soil pH with in-
creased rate of urea, from pH 4.25 to 5.57. A P sorption maximum capacity of
2.53 mg-kg™" was obtained in this Ferralsol treated with urea at 120 kg N-ha™;
contrasting with soil without urea, which adsorbed a dismal quantity of P (1.17

mg P-kg™' soil).

4. Discussion

4.1. Screenhouse Study

The observed reduction in the [H'] (Figure 1) and [Al’*] (Figure 2), and simulta-

neous increase in [ NH, ] (Figure 3) in the study Ferralsol, immediately after
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Figure 6. Phosphorus isotherm for ferralsol under different levels of urea based N. Co =
control, TU1 = 40 kg N-ha™', TU2 = 80 kg N-ha™!, TU3 = 120 kg N-ha™".

Table 2. Effect of urea based N rates on phosphorus sorption in a Ferralsol.

Langmuir parameters

N rates pH

Sorption Bonding energy P buffering R
maximum (b) constant (k) capacity
kg-ha™! ug P-g! ug-gl
0 4.25 1.17 0.60 0.70 0.99
40 4.69 1.83 1.08 1.98 0.99
80 5.50 2.38 1.63 3.87 0.99
120 5.70 2.53 5.03 12.73 0.98
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application of the first dose of urea N fertiliser, is presumed to be the result of
urea hydrolysis, which occurs instantaneously in well drained soils, soon after
exposure to the environment. The hydrolysis process consists of de-amination of
a urea molecule into two amino groups, both of which are unstable and thus
consume free protons from the solution to form ammonia gas, and in turn am-
monium jons [6]. Of necessity, the 2-fold deprotonation per urea molecule re-
sults in a drop in exchangeable [H'] and [Al’*], and a subsequent rise in [ NH} ].
The ensuing diminished acidity and AI’* phytotoxicity could be a better envi-
ronment for plant growth if sustained, say through use of nitrification inhibitors.

The process of urea hydrolysis has been summarised by [7] as follows:

CO(NHZ)Z(S) +2H,0, —(NH,), COy) = 2NH, ) +20H ) + CO,, (1)

The resulting drop in [H*] and [Al’*] ion concentrations due to the buildup of
ammonium hydroxide in the soil solution; though short-lived, is likely to have
influenced several other soil properties, including availability of some nutrients
to plants. For instance, since the pre-experiment soil pH was 4.18 (Table 1), it
can be inferred that P availability in this Ferralsol was originally restricted; but
could be unlocked by the rise urea application to the soil. For most Ferralsols,
the widely recognised favourable pH range for growth of majority of crops is 5.5
- 5.6 [8].

The favourable plant growth environment generated by urea hydrolysis in this
acid soil, plus other associated transformation reactions, appear to underscore
the significance of delaying or blocking the onset of the nitrification phase,
which is the key player in the deterioration of acid conditions in Ferralsols. In
this case, use of nitrification inhibitors to block nitrification need to be explored.

Phase 2, during which there was a rise in [H'] and [A]**] (9 days after urea
application) (Figure 1 and Figure 2), evidently marked the beginning of nitrifi-
cation, a process that is mediated by enzymes generated by chemotrophic mi-
cro-organisms in the soil [9]. Mediated by two sequential enzymes known as
ammonia monooxygenase and hydroxylamine oxidoreductase, produced by Ni-
trosomonas and Nitrobactor, respectively; this process is aerobic in nature [10].
On the other hand, a higher presence of the ammonium substrate kinetically
dictates on the rate of nitrification, and thus accumulation of soil acidity. As
such, ammonia oxidation (nitrification) is reportedly inhibited at high substrate
concentrations [11] [12]. This, however, does not seem to have occurred in the
Ferralsol during the present study.

Among the loremain products of nitrification are four active protons (H") per
two mols of ammonium ions [13] which are from one mol of urea molecule.
Thus, continuous application of urea in the field invariably causes a drop in soil
pH in the medium to long run, especially in the top soil, thus affecting soil reac-
tion and the life of soil inhabitants there in.

The present study has confirmed that the bulk of findings available in litera-
ture in relation urea and its effects on endemically acid soils, including Ferralsols

[14], are based on medium to long term periods, during which nitrification pre-
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dominates. Moreover, the nitrate N as the key product of nitrification suffers
tremendously from leaching losses, owing to its negative charge, which is re-
pelled by the predominately net negatively charged soil exchange complex. In
contrast, under soil submerged conditions, nitrate N species is lost through de-
nitrification into non-plant available forms e.g., N,, N,O and NO [15], some of
which as disastrous to the ozone layer [16]. Therefore the action of intervention
with nitrification inhibitors may be imperative to saving environmental health as

well as achieving favourable agronomic soil conditions.

4.2. Phosphorus Sorption

The significant suppressive effect of urea hydrolysis on P sorption in the present
study suggests that the expected gains from the rise in pH (Table 2) and drop in
the [Al’**] (Figure 2) achieved shortly after urea application were somehow lost
to other processes. This represents a discrepancy with previous studies, whereby
urea hydrolysis resulted in increases soil pH, and reduction in P sorption [17]. It
is invariably believed that increasing pH of acid soils diminishes the concentra-
tion of soluble Fe and Al [18], which otherwise demobilise plant available P into
polyphosphate complexes [17]. As a result, surface charge should become more
negative with pH increase, thus decreasing the number of P sorption sites and
reducing the strength of P sorption. This process which should have subscribed
to the suppressive effect of P sorption by the soil, presented a contradictory be-
havior under the prevailing treatments, quite difficult to explain based on this
study. The obtaining urea-P sorption scenario was also obtained by [19], who
attributed it to the use of reagents containing divalent cations (Ca) as compo-
nents of most conventional P sorption assessment procedures. These divalent
cations reportedly affect the sorbent surface charge, as well as the electric poten-
tial [20].

5. Conclusion

This study has brought into context soil reactions that occur unrecognised in a
Ferralsol, in the short run after application of urea to typical tropical acid soils.
The main reactions shortly after application of urea N fertiliser include de-ami-
nation and ammonification, which drastically reduce exchangeable [H'] and
[AP’"] in the soil. Surprisingly, the process of urea hydrolysis greatly favoured P
sorption, in spite of the expected rise in soil pH. The cause of this discrepancy
was attributed to the presence of CaCl, in the reagents used in the P sorption
studies. Further urea explorative field studies are recommended to confirm the
short-term reactions under natural soil conditions, and to estimate the liming

equivalents to the urea hydrolysis effects.
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